A survey of blueberry (Vaccinium spp.) research and extension scientists in the United States has identified lack of cold hardiness as one of the most important genetic limitations of current blueberry cultivars. Therefore, the development of more cold hardy cultivars is an important need to the blueberry industry. To address this need, our laboratory has been using two distinct but related approaches to identify molecular markers/genes associated with cold tolerance in blueberry. One approach has been to map quantitative trait loci (QTLs) controlling cold hardiness in the cold acclimated state. Progress toward mapping QTLs is presented here including: (1) construction of initial, low density genetic linkage maps for two diploid (V. darrowi x V. caesariense-derived) blueberry populations segregating for cold hardiness; (2) use of randomly amplified polymorphic DNA (RAPD) and expressed sequence tag-polymerase chain reaction (EST-PCR) markers for mapping purposes; (3) evaluation of the mapping populations for cold hardiness; and (4) genetic analyses of the cold hardiness data. The other approach has been to identify, isolate, and characterize cold-responsive genes from blueberry and to map these genes to determine if any map to QTLs that control cold hardiness. Levels of a group of dehydrin proteins (proteins induced by dehydration stress such as freezing and drought) of 65, 60, and 14 kDa increase during cold acclimation such that they become the most abundant proteins in blueberry floral buds during the winter. Progress in characterizing this gene family is presented including: (1) characterization of expression of the dehydrins, (2) cloning members of the dehydrin gene family, (3) mapping members of the dehydrin gene family and (4) segregation of the dehydrin genes with the cold hardiness trait. Finally, preliminary results using a new genomic approach to characterize cold-responsive genes from blueberry is presented.
INTRODUCTION
The United States is the world's leading blueberry (Vaccinium spp.) producer. The blueberry industry in the United States suffers from a lack of winter hardy and spring frost-resistant cultivars (Moore, 1993) . Studies on the genetics of cold hardiness in blueberry, however, are lacking. One study on the heritability of winter injury in the field found heritability estimates over three years to be low although individual year estimates were higher. In addition, general combining ability variance components were consistently larger than specific combining ability, suggesting that additive variance is more important than nonadditive variance (Fear et al., 1985) . However, because winter survival in the field is determined by multiple factors, in addition to cold hardiness in the cold acclimated state, the authors concluded that screening for cold hardiness under controlled conditions would be desirable before concrete conclusions could be drawn concerning additive, dominance, and epistatic interactions.
Our laboratory has been using a combination of strategies to investigate genetic and molecular genetic control of cold hardiness in blueberry with the ultimate goal of 60 identifying markers/genes for use in marker-assisted breeding and transgenic approaches to develop more cold hardy cultivars. One strategy has been to map quantitative trait loci (QTLs) controlling cold hardiness in the cold acclimated state. The other has been to identify, isolate, and characterize cold-responsive genes from blueberry and to determine where these genes map in relation to the QTLs associated with cold hardiness. Previously, we identified three major proteins of 65, 60, and 14 kDa in blueberry floral buds, whose levels correlate well with cold hardiness levels (Muthalif and Rowland, 1994) . Further study revealed that these proteins are dehydrins. A 2.0 kb cDNA, which encodes the 60 kDa dehydrin from blueberry, has been cloned and sequenced . Dehydrins are heat-stable, glycine-rich plant proteins that are induced in response to dehydration stress, such as drought, cold, and seed maturation, and in response to abscisic acid (Close, 1996) . Also indicative of dehydrins is the presence of a highly conserved lysine-rich amino acid sequence (consensus sequence EKKGIMDKIKEKLPG) referred to as the K segment, which is often repeated several times. The K segments are predicted to form amphipathic α-helices which may play a role in stabilizing cell membranes against freezing damage (Thomashow, 1999) .
Our most recent work includes the initiation of a genomics project to identify and characterize a larger group of cold-responsive genes from blueberry. A cDNA library representing genes that are expressed mid-winter, when plants have reached their maximum level of cold hardiness, is being sequenced to develop EST-PCR (expressed sequence tag-polymerase chain reaction) markers for genetic purposes. The genomics project has also resulted in the isolation of a full-length cDNA clone encoding the 14 kDa dehydrin from blueberry, as well as other genes associated with cold stress. Here, we report new findings from our most recent work and present a summary of our previous work.
MATERIALS AND METHODS

Plant Material
The blueberry populations being used for mapping QTLs controlling cold hardiness have been described in detail . Briefly, two diploid (n=12) testcross populations were generated by crossing V. darrowi x V. caesariense hybrids [Fla4B x W85-20 (#5, #6, and #10)] back to another V. darrowi selection NJ88-13-15 and another V. caesariense W85-23. V. caesariense parents are more cold hardy than V. darrowi parents.
Cold Hardiness Determinations
Four-to-five-year-old potted plants (3-7 clones of each individual plant of the mapping populations) were transferred from the greenhouse to a cold room in November and were cold acclimated by exposure to 4ºC for 4 weeks at a photoperiod of 10/14 h (day/night). Freezing treatment of floral buds was as described by Arora et al. (2000) . This freeze-thaw test entailed placing three 5-6 cm long shoots with 3-8 attached buds per treatment temperature (-6ºC to -24ºC at 2ºC increments) from each plant in test tubes (one shoot/tube) with 0.5 ml water. Shoots were arranged in a glycol bath (Model 2325, Forma Scientific, Marietta, OH) in a completely randomized block design, and the samples were subjected to controlled freezing. Ice nucleation was initiated at -1ºC, and samples further cooled at 1ºC/hr down to -4ºC, 1ºC/30 min down to -8ºC, and 2ºC/30 min down to -24ºC. Samples were thawed overnight at 4ºC followed by a 24-h incubation at 23ºC, at which time buds were dissected and observed for visual browning. Buds were rated for 0-100% browning and the cold hardiness level (LT 50 ) defined as the temperature causing 50% injury/browning.
EST Analysis
The cDNA library for EST analysis was constructed from RNA expressed in floral buds of cold acclimated plants of the highbush blueberry cultivar Bluecrop . The library was prepared in the unidirectional λ cloning vector Uni-ZAP TM (Stratagene, La Jolla, CA). Plaques were picked from the library at random and in vivo excision of the pBluescript phagemids (containing the cDNA inserts) was performed according to the manufacturer's instructions (Stratagene) using the exassist/solar TM cell system. Plasmid DNA was isolated from bacterial cultures using the QIAprep® Spin Miniprep Plasmid Kit (Qiagen Inc., Valencia, CA). Nucleotide sequencing of recombinant plasmid DNAs was performed from both ends of the cDNA inserts using an ABI PRISM TM 310 Genetic Analyzer and Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Applied Biosystems, Foster City, CA).
After trimming vector sequences, each cDNA sequence was compared against known gene sequences contained in GenBank (http://www.ncbi.nlm.nih.gov/BLAST/) using the BLASTN and BLASTX algorithms. Primer pairs for amplifying EST-PCR markers were designed from sequence data using the P3 website (http://wwwgenome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi). Forward and reverse primers were designed from sequences near the end of each cDNA insert, if good sequences were obtained from both 5' and 3' ends of the cDNA, in order to amplify nearly the entire gene. If good sequence data was obtained from only one end of the cDNA, then both forward and reverse primers were designed as far apart as possible from only that one end. Primers were synthesized by Invitrogen Life Technologies (Carlsbad, CA).
Genomic DNA Extraction and PCR
DNA was extracted from blueberry leaf tissue from plants of the mapping populations and PCRs were performed as previously described (Panta et al., in press ). Briefly, DNA was amplified for 40 cycles in an MJ Research (Watertown, MA) PTC-100 thermal cycler, programmed for a 40 s denaturation step at 92ºC, 70 s annealing step at a temperature of 10ºC below the T m (1 M Na + ) of the EST primer (forward or reverse) with the lowest T m , and 120 s extension step at 72ºC. Amplification products and molecular weight standards (1-kb DNA ladder; Invitrogen Life Technologies) were separated by electrophoresis through 1.4% agarose gels.
Map Construction and QTL Analysis
Map positions of RAPD and EST-PCR markers (polymorphic between the mapping parents) were established using the computer program MAPMAKER (version 3.0; LOD threshold=3.0 for grouping markers) (Lander et al., 1987) . The localization of QTLs for cold hardiness was estimated using MAPMAKER/QTL (version 1.1) software (Lander and Botstein 1989) . The presence of a putative QTL was considered significant if the LOD threshold was greater than 2.0.
RESULTS AND DISCUSSION
Progress Toward Mapping QTLs Controlling Cold Hardiness 1. Construction of Initial Genetic Linkage Maps of Blueberry. Our laboratory's current genetic linkage maps for the diploid V. darrowi and V. caesariense testcross populations that are segregating for cold hardiness are shown in Figs. 1 and 2. They are comprised of ~60 and 80 markers, respectively, and are based primarily on RAPD markers.
Development of EST-PCR Markers for Mapping.
The RAPD technology has been widely adopted because of its technical simplicity and because it does not require large amounts of DNA or any prior knowledge of the genome being studied. However, RAPD technology has certain drawbacks, such as difficulty in reproducing results among laboratories, unsuitability for comparative mapping studies because markers are generally limited to specific populations, and the dominant mode of inheritance of the markers. Because of these drawbacks and the current heavy reliance on RAPDs for mapping and DNA fingerprinting in blueberry, there is a need to develop an alternative DNA marker system for blueberry. The many EST databases already available or being developed for genomic work are proving to be valuable sources of genetic markers. There are a number of advantages to using EST-based markers for genetic studies. First, they target expressed genes; thus, they should be particularly useful for QTL mapping. Second, because they are derived from gene coding regions, which are more likely to be conserved across populations and species than noncoding regions, EST markers should be useful for comparative mapping studies. Furthermore, EST-based markers have the potential for being codominantly inherited. RFLP analysis was the original method for mapping ESTs. More recently, EST-based PCR markers have been developed for many plants, including several tree species (Schubert et al., 2001; Temesgen et al., 2001) .
In an attempt to develop EST-PCR markers for blueberry, approximately 50 cDNA clones, from a cDNA library prepared from RNA from floral buds of cold acclimated plants of the highbush blueberry cultivar Bluecrop, were chosen at random for nucleotide sequence analysis. The cDNA library represents genes that are expressed midwinter, when plants have reached their maximum level of cold hardiness. Efforts were made to obtain partial sequences from both the 5' and 3' ends of the cDNAs. To characterize the ESTs, nucleotide sequences were compared against known nucleotide and amino acid sequences in Genbank. ESTs with BLAST scores >40 were considered to have significant similarity to known sequences and putative identities of the cDNAs were assigned (Table 1) .
Primer pairs for amplifying EST-PCR markers were designed from the sequence data. Primer pairs are currently being tested in PCRs using DNA from the original parents, testcross parents, and F 1 s of the mapping populations to determine if polymorphic markers useful for mapping are generated (Fig. 3) . When mappable markers are generated, PCRs are set up using DNA from the individual plants of the mapping populations, plants are scored for the presence or absence of specific markers, and marker positions established using MAPMAKER. To date, three EST markers (derived from ESTs 43, 51, and 54) have been added to the V. darrowi map (Fig. 1) .
Cold Hardiness Distributions and Genetic Analyses of the Cold Hardiness Data.
Cold hardiness levels have been determined for a large percentage of the mapping populations and the distributions appeared continuous and bell-shaped, which is as expected for a multigenic trait (Arora et al., 2000; Panta et al., in press ). Mean cold hardiness of the V. darrowi and V. caesariense parents differed significantly, with LT 50 s of -13.0ºC and -20.0ºC, respectively. The mean cold hardiness of the F 1 population (-14.7ºC) was closer to that of the V. darrowi parent than to the V. caesariense parent. From these population means, degree of dominance was calculated as h/d, where h is the difference between the F 1 population and parental mean (deviation due to the dominance effect) and d is the difference between the parental populations and their mean (deviation due to the additive effect) (Falconer, 1989) Most recently, a preliminary effort was made to map QTLs controlling cold hardiness using the current genetic linkage map and cold hardiness data for the V. caesariense mapping population. One putative QTL (LOD>2) was identified on linkage group 7 (if numbered from longest to shortest) with a peak at RAPD marker OPAR12b (Fig. 2) , that explains 17.9% of the phenotypic variance in the population.
Progress Toward Identifying, Isolating, Characterizing, and Mapping ColdResponsive Genes from Blueberry 1. Characterization of Dehydrin Expression. To identify proteins responsive to low temperature exposure or "chilling", previously we examined changes in protein levels associated with chill unit accumulation in blueberry floral buds (Muthalif and Rowland, 1994) . From profiles of soluble proteins, the levels of three proteins of 65, 60, and 14 kDa were observed to increase with chill unit accumulation such that they become the predominant proteins visible on sodium dodecyl sulfate (SDS)-polyacrylamide gels. Further characterization of these proteins revealed that they belong to the dehydrin family of proteins. Their identification was based on several factors, including their reaction to antiserum raised against the dehydrin-specific consensus peptide or K segment, their boiling-stability, and the amino acid composition of selected sequenced peptides. Assessment of cold hardiness levels for dormant blueberry buds every 300 chill units until the resumption of growth revealed that cold hardiness levels are positively correlated with relative levels of these dehydrins.
More recent studies examining blueberry dehydrin expression at the protein and/or RNA levels indicate that blueberry dehydrins are induced by cold stress in all organs but by drought stress in mainly stems. Also, dehydrin accumulation correlates positively with cold tolerance but not with drought tolerance (Panta et al., 2001 ). In addition, dehydrin expression in cell suspension cultures is different from that in whole plants (ParmentierLine et al., 2002) . 2. Cloning Members of the Dehydrin Gene Family. Initially peptide sequence information from the 65 and 60 kDa dehydrins was used to synthesize degenerate DNA primers for amplification of a part of a dehydrin gene. One pair of primers amplified a 174 bp fragment. The 174 bp fragment was used to screen a cDNA library prepared from RNA from cold acclimated blueberry floral buds and resulted in the isolation of a clone with a 2.0 kb insert. The cDNA was sequenced and found to be a full length clone encoding a K 5 -type dehydrin (contains 5 K boxes). Five high-confidence peptide sequences, ranging from 9 to 25 amino acids long, obtained from the 60 kDa dehydrin exactly matched sequences encoded within the cDNA clone, indicating that the cDNA encodes the 60 kDa dehydrin . Three clones out of approximately 100 clones, picked at random from the same cDNA library used to isolate the clone encoding the 60 kDa dehydrin, appear to encode the 14 kDa dehydrin. BLAST searches indicate that the clones have sequence similarity to dehydrins and are most similar to the previously isolated dehydrin clone from blueberry. In addition, the clones are identical to each other, they contain the two peptide sequences obtained previously from the 14 kDa dehydrin (Rowland et al., in press) , and they are the appropriate size to encode a 14 kDa protein. The deduced amino acid sequence includes two K boxes (Fig. 4) . 3. Mapping Members of the Dehydrin Gene Family. The sequence of the 2.0 kb cDNA clone, which encodes the 60 kDa blueberry dehydrin, has been used to map a dehydrinrelated gene (Panta et al., in press) . Primers were designed which should result in PCR amplification of the entire coding region of the gene. First, PCRs were performed using DNA from the original parents, testcross parents, and F 1 s to determine if a polymorphic marker would be generated that could be used for mapping. Two intense bands of 1.8 and 2.0 kb were amplified in PCR, along with a faint band of 1.3 kb. The 1.3 and 2.0 kb bands were present in all plant DNA samples whereas the 1.8 kb band was polymorphic, present in the parent Fla4B but absent in the other parent W85-20. Using segregation data for the 1.8 kb marker, designated D100, it was placed on the V. caesariense genetic linkage map. As shown in Fig. 2 , the marker mapped to linkage group 13, 7.2 cM from the RAPD marker OPAA1b. To date, the marker does not show linkage to any of the RAPD markers mapped in the V. darrowi testcross population.
To determine if the 1.8 kb marker is actually an allele of the gene encoding the 60 kDa dehydrin or a related dehydrin, the 1.3, 1.8, and 2.0 kb fragments from Fla4B and from W85-20 have been cloned and sequenced. The expected size of the fragment amplified from the 60 kDa dehydrin gene, if the gene contains no introns, is 1256 bp. The sequence data indicates that the 1.3 kb fragments from Fla4B and W85-20, which were not mappable with the primers described above, are alleles of the 60 kDa dehydrin gene. The 1.8 and 2.0 kb fragments are alleles of a distinct but related dehydrin gene. A DNA sequence comparison of the 1.3 kb alleles from Fla4B and W85-20 indicates the presence of a 5 bp deletion in the W85-20 allele. Efforts are currently underway to exploit this deletion in order to map the 60 kDa dehydrin gene. Efforts are also underway to design primers that result in a mappable PCR product from the 14 kDa dehydrin gene. 4. Segregation of the Dehydrin Genes with the Cold Hardiness Trait. The one dehydrin gene which has been mapped thus far does not co-segregate with the cold hardiness QTL identified in the V. caesariense population. In addition, if both mapping populations are divided into two groups, one that carries the 1.8 kb marker and one that does not, the mean cold hardiness of each group is not significantly different from the other, suggesting that inheritance of the 1.8 kb marker may not be a factor in determination of cold hardiness. However, we do not know, at this point, if the dehydrin gene, from which the 1.8 kb marker is derived, is even expressed. In addition, if expression of some of the genes determining cold hardiness level are controlled by one regulatory gene, like the CBF1 gene in Arabidopsis (Jaglo-Ottosen et al., 1998), inheritance of cold hardiness may correlate with inheritance of the regulatory gene rather than the genes under its control.
Progress Using a Genomic Approach to Characterize Cold-Responsive Genes from Blueberry
EST analysis of a cDNA library representing genes that are expressed mid-winter, when plants have reached their maximum level of cold hardiness, is currently underway. ESTs are being used to develop EST-PCR markers for mapping purposes and to categorize the types of genes expressed during cold acclimation. To date, sequences have been obtained from approximately 500 cDNA clones.
CONCLUSIONS
A major objective of our research is to identify molecular markers/genes that control cold hardiness in blueberry. To achieve this goal, initial, relatively low density genetic linkage maps have been constructed for two diploid testcross populations segregating for cold hardiness. The current maps are based primarily on RAPDs, but newly developed EST-PCR markers are being added. Efforts to map QTLs controlling cold hardiness are underway using these maps and populations, and one putative QTL associated with cold hardiness has been identified in the V. caesariense population. In addition, dehydrins, levels of which are correlated with cold hardiness levels, have been identified in blueberry and full-length cDNAs encoding two of the three major dehydrins have been isolated and sequenced. Finally, using a genomic approach, sequences have been obtained from approximately 500 clones picked at random from a cDNA library representing genes expressed in flower buds during the winter. The sequences are currently being analyzed to develop more EST-PCR markers for mapping purposes and to categorize the types of genes expressed during cold acclimation. The identification of markers/genes associated with cold hardiness in blueberry would aid in the development of more cold hardy cultivars using either genetic transformation or marker-assisted selection approaches.
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